Many diseases in humans are caused by mutations that decrease the stability of specific proteins or increase their susceptibility to aggregation. Consequently, the availability of high-throughput methods for assessing protein stability and aggregation properties under physiological conditions (e.g., 37 °C) is necessary to analyze physicochemical properties under conditions that are closer to in vivo models. Therefore, the authors have explored the use of isothermal denaturation (ITD) in a 384-well format to evaluate the reproducibility of the method in assessing the stability of proteins at temperatures below the melting temperature and detecting the binding of ligands. Under the conditions tested, the authors were able to assess the stability of citrate synthase and malate dehydrogenase at different constant temperatures and detect the binding of oxaloacetate and nicotinamide adenine dinucleotide to these 2 enzymes, respectively, using the 384-well format. The ITD experiments detected ligand binding to these proteins at about 4 times lower concentration compared with techniques that measure changes in melting temperature. The data show that ITD can be applied to screen libraries of a relatively large number of compounds or detect small stability differences between protein variants. (Journal of Biomolecular Screening 2008:337-342) 
INTRODUCTION

E
NVIRONMENTALLY SENSITIVE DYES have been widely used to monitor the thermal unfolding of proteins 1, 2 to assess stability and to detect the binding of ligands using differential scanning fluorimetry (DSF). [3] [4] [5] [6] These properties of proteins can also be measured using differential static light scattering (DSLS), which monitors protein aggregation following thermodenaturation. 6, 7 Although both methods are effective, in both cases, the signal-tonoise ratio is often insufficient to reproducibly detect small differences in the thermostability of proteins (<1 °C), which would be required to detect small changes in the stability of proteins upon mutations or weak ligand binding (mM). In the case of ligands, the lack of sensitivity can in part be overcome by the use of higher compound concentrations, but this strategy can be limited by low compound solubility.
Isothermal methods have also been used to detect ligand binding. [8] [9] [10] [11] For instance, isothermal titration calorimetry (ITC) is the preferred method for investigating ligand binding as it provides the thermodynamic parameters of ligand-protein interactions, such as the enthalpy of binding, the binding constant, and the number of binding sites. 10, 11 Despite its high precision and reproducibility, ITC is relatively time-consuming, uses significant amounts of protein, and has not been adapted for high-throughput screening (HTS) for ligands. Another method, isothermal denaturation (ITD), has also been used to assess stability and identify ligands with various modes of detection, including the absorbance and fluorescence of environmentally sensitive dyes or circular dichroism, 9 and was recently used to study the stability of pantothenate kinase 3 (PANK3) variants at 37 °C by monitoring their aggregation properties. 12 In humans, many diseases are caused by a decrease in the stability of specific proteins or an increase in their susceptibility to aggregation, [13] [14] [15] [16] [17] [18] [19] [20] situations that are frequently accompanied by the accumulation of unfolded or misfolded proteins within cells. Therefore, developing high-throughput isothermal methods that can be used to evaluate stability, aggregation properties, and ligand binding specificity of proteins under physiological conditions (e.g., 37 °C) would be very useful for studying these diseases at the molecular level.
In this study, we employed ITD in a 384-well format and directly compared the sensitivity of this method with DSF for assessing protein stability and detecting ligand binding using fluorescence methods. Our evaluation shows that ITD is more sensitive than DSF for detecting changes in protein stability and ligand binding at low concentrations of compounds.
MATERIALS AND METHODS
Pig heart citrate synthase (CS) was purchased from Roche (Basel, Switzerland); porcine heart malate dehydrogenase, reduced nicotinamide adenine dinucleotide (NADH), and oxaloacetate were from Sigma (St. Louis, MO); and Sypro Orange was from Invitrogen (Carlsbad, CA).
Fluorescence-based screening
DSF and ITD measurements were performed with a FluoDia T70 fluorescence plate reader (Photon Technology International, Birmingham, NJ) equipped with a 384-well plate holder and 465-nm excitation and 590-nm emission filters. The protein solutions used for all fluorescence measurements employed a final protein concentration of 0.1 mg/mL in a buffer consisting of 0.1 M HEPES (pH 7.5) and 0.15 M NaCl. Sypro Orange, purchased from Invitrogen as a 5000× stock solution, was diluted 1000× to yield a 5× working concentration. Invitrogen does not specify the concentration. Different concentrations of compounds were included as needed. DSF was carried out by increasing the temperature at 1 °C/min from 30 °C to 70 °C, and data points were collected in 3 °C intervals. The temperature scan curves were fit to a Boltzmann sigmoid function, and the T m values were obtained from the midpoint of the transition as previously described. 6 Multiple curves were fit using the Excel add-on package XLfit (IDBS limited, Bridgewater, NJ). Sample preparation was the same for both DSF and ITD measurements, and the optimal incubation temperature for ITD was determined from the results of a DSF experiment in the absence of compound, a temperature typically 4 °C below the protein melting point. The target temperature was reached within 60 s of starting the software after the plate had been placed in the instrument. For ITD experiments, a Langmuir isotherm function was used to fit the data, and the rate of denaturation was calculated from the slope at 1000 s.
Z factor determination
A full 384-well plate was used to test the stability of citrate synthase at 48 °C in the absence and presence of 0.5 mM oxaloacetate. The samples were distributed alternately across the plate. The samples were prepared, and ITD was performed as mentioned above; the Z factor was calculated as described by Zhang et al.
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RESULTS
Although ITD has previously been used to measure protein stability and detect ligand binding, it has never been employed in a highly parallel manner, and its sensitivity has never been assessed or compared with thermodenaturation-based methods.
Here we employed high-throughput isothermal denaturation to assess protein stability and ligand binding in direct comparison with DSF.
Multiwell isothermal denaturation
Selecting an appropriate temperature for performing ITD is critical to the success of the experiment. Performing ITD at a temperature too close to the T m of the protein will result in rapid protein denaturation, which is hard to monitor. On the other hand, it will take a long time to denature a protein if the selected temperature is far below the protein T m . Using CS as a model protein, we performed ITD experiments at temperatures ranging from 44 °C to 50 °C to select the optimum temperature for performing ITD in a 384-well format (Fig. 1) . As the incubation temperature was increased, the rate of protein denaturation increased, and based on these results, an incubation temperature of 48 °C appeared to be the optimum temperature for performing ITD for CS. Isothermal denaturation at temperatures about 4 °C below the melting temperature (T m ) usually results in protein denaturation within a period of approximately 1 h.
To investigate the effect of protein concentration, ITD (at 48°C) was also performed using concentrations of CS ranging from 0.4 to 200 μg/mL. Good signal-to-noise ratios were observed at 100 to 200 μg/mL of protein, the same concentration used for DSF experiments (Fig. 2) . Buffer composition also appeared to have an effect on ITD measurements for CS, and a decrease in the rate of denaturation was observed as the concentration of NaCl in the buffer was increased, indicating that NaCl stabilizes CS. However, the effect of NaCl on protein stability varies significantly for different proteins (data not shown).
Samples of CS were placed in all 384 wells of a plate, and thermal denaturation of the protein was measured by DSF. In parallel, ITD was performed for a plate of 384 samples of CS at 48 °C. T m measurement by DSF was reproducible, with an average of 52.5 ± 0.5 °C (Fig. 3A,C) for all CS samples. Data from the ITD experiment were plotted and the resulting curves fit using the Langmuir isotherm to calculate the rates of denaturation (Fig. 3B) . On average, a denaturation rate constant of 2826 ± 128 F/s was obtained for CS, indicating that variation in ITD measurements in the 384-well format is reasonably small (Fig. 3D) and that this method can be employed to assess and compare the stability of different variants of a protein.
Application of ITD in detecting ligand binding
The ability to perform ITD experiments in a 384-well format provides the opportunity to test whether this method can be used to screen for ligands and to compare the results of such screening with those obtained from DSF. Two protein-ligand systems were used: CS and its substrate, oxaloacetate, and malate dehydrogenase and its cofactor, NADH, both with low micromolar dissociation constants. 22, 23 For both proteins, DSF and ITD experiments were performed at increasing concentrations of ligands. DSF melting curves for CS show the stabilizing effect of oxaloacetate, with a concentration-dependent change in melting temperature (T m ) (Fig. 4A) . The stabilizing effect of oxaloacetate was also readily apparent in the ITD experiment (Fig. 4B) , in which a decrease in the rate of denaturation indicates the binding and stabilizing effect of oxaloacetate (Fig. 5A) . Similar experiments were performed with malate dehydrogenase and its cofactor NADH, and NADH binding to the protein was also easily detectable by both DSF and ITD methods (Fig. 5B) . Comparison of the sensitivity of DSF and ITD in detecting ligand binding not only validates ITD as a reliable method for screening for ligands but also indicates that, in some cases, ITD is more sensitive than DSF at detecting binding at lower concentrations of ligands ( Fig.  5 and Table 1 ). We consider 2 standard deviations (2σ) the point at which the changes in the stability of the protein are considered significant (95% confidence). For CS, the minimum oxaloacetate concentration needed to detect binding is 0.08 mM for ITD, whereas for DSF, it is 0.3 mM ( Table 1) . For malate dehydrogenase, minimum NADH concentrations of 0.03 and 0.1 mM were required to detect ligand binding by ITD and DSF, respectively ( Table 1) . Hence, for these 2 proteins, ligand binding was detectable by ITD at a 3-to 4-fold lower concentration of compound compared with that required for DSF. To verify the robustness of ITD screens in searching for ligands, we calculated the Z factor 21 by running ITD for CS in the presence (191 times) and absence (192 times) of oxaloacetate within a 384-well plate. Oxaloacetate stabilized CS in all 191 samples, and a Z factor value of 0.72 was obtained, which indicates that ITD is a reliable method for detecting ligand binding interactions (Fig. 6) .
To further evaluate the application of ITD in screening for ligands, we screened CS against 1120 compounds from the Prestwick library (Prestwick Chemical, Illkirch, France). We also included 54 control samples (no compound) and 56 positive controls (0.3 mM oxaloacetate) within 4 plates (Fig. 7) . Within all plates, 53 of 56 oxaloacetate samples were identified as hits, indicating a 5% false-negative rate for this screen. A total of 90 compounds were identified as possible hits with a stabilizing effect of more than 2σ. We did not attempt to verify these hits in a secondary screen, but our data indicate that even if all these hits are false positives, the rate is less than 8%.
DISCUSSION
Thermodenaturation-based methods are important tools in evaluating protein stability and detecting ligand binding. Many different dyes have been used to monitor thermodenaturation by fluorescence. Although these dyes are different, they all bind to hydrophobic parts of proteins, which are exposed as the protein unfolds, and this results in an increase in the fluorescence intensity of the dye. These methods have recently been employed to assess protein stability and screen for ligands in libraries of compounds in a 384-well format. [5] [6] [7] However, comparing the stability of proteins at a constant temperature (e.g., 37 °C) that is similar to physiological conditions might provide better insights regarding the behavior of proteins in vivo. Isothermal denaturation has previously been used to compare protein stability and detect ligand binding, 2, 24 but employing ITD for screening libraries of compounds necessitates developing higher throughput isothermal screening methods. Our data indicate that higher throughput ITD is feasible and, in some cases, more sensitive than other methods for detecting differences in protein stability and the ligand binding ability of proteins. However, heat distribution across the plate is a critical factor for any isothermal assay. Therefore, instruments employed for these types of assays should be carefully checked, as variation in the performance of different units of the same brand might exist. The isothermal denaturation method is also sensitive to protein concentration and buffer composition, and it is important that these are kept constant in all samples when screening for ligands or comparing protein stabilities.
As with other fluorescence-based assays (e.g., DSF 6, 25 ), not every protein is amenable to ITD, and for those proteins that produce high background fluorescence signals (e.g., pantothenate kinase 3), alternative methods such as isothermal aggregation should be considered. 12 In conclusion, our data show that employing high-throughput ITD enables rapid detection of differences in the stability of proteins and allows the detection of changes in protein stability due to ligand binding. 
